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ABSTRACT 

The double network concept, based on the fracture of sacrificial bonds, has been revolutionary 

toward the creation of robust soft materials. Based on the essence of double network hydrogels, 

macroscale, 3D printed rigid sacrificial networks are embedded within silicone rubber stretchable 

matrices. Preferential fracture of the sacrificial network results in a ~60 times increase in stiffness 

and a ~50% increase in work of extension compared to the neat matrix. Maximizing yield strength 

while maintaining multi-step internal fracture occurs when the strength of the sacrificial network 

approaches the strength of the matrix. Upon determining the optimal sacrificial network strength, 

the sacrificial bond section density can be increased to maximize energy dissipation, and 

toughening efficiencies up to ~70% of the maximum theoretical toughness are achieved. High 

toughness and dissipation are achieved because topological interlocking enables significant force 

transmission to the sacrificial network at smaller length-scales than interfacial adhesion, allowing 

much higher sacrificial bond density. This method is general and can be used with a variety of 

materials systems, without requiring strong interfacial adhesion, contrasting traditional composite 

systems. Demonstrating that the double network concept can be used at length-scales far beyond 

the molecular scale will have important implications toward the development of future structural 

materials.  

1. INTRODUCTION 

The development of unique toughening mechanisms has been important toward the 

deployment of hydrogel-based materials, because neat hydrogels exhibit poor mechanical 

properties compared to traditional soft materials such as rubbers.1 For applications ranging from 

biomaterials2,3 to soft electronics and robotics,4–7 soft materials with improved mechanical 
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properties are required to bring these applications to reality. A variety of molecular mechanisms 

have been developed that allow traditionally brittle and weak materials to exhibit high strength, 

stretchability, and toughness. These mechanisms include slide-rings with mobile crosslinks,8,9 

healable dynamic bonds,10–12 and double networks.13–15 The double network concept requires an 

interpenetrating network design with strong contrasting structure and properties, where the “first 

network” consists of relatively short and stiff polymer strands, and the “second network” consists 

of relatively long and stretchable polymer strands (Figure 1a). Enhanced toughness is due to two  

effects: 1) when the sample is deformed, the covalent bonds of the first network fracture, dissipating 

energy, while the second network maintains global integrity, and 2) at the crack tip, the fracture of 

the first network softens the material to avoid stress concentrations, resulting in increased resistance 

to crack growth.14 The double network concept has been extremely important toward modern 

hydrogel design as it enables gels that are tough but also have enhanced stiffness, similar to that of 

cartilage. Recently this mechanism has been developed and utilized in elastomeric materials as well, 

resulting in rubbers with unprecedented dissipation.16,17 Structure modifications of traditional tires 

based on the double network concept has had commercial success in the automobile industry, and 

have recently been utilized in high performance eco-tires.  

 To develop useful soft materials, dissipation mechanisms that can be applied over a variety 

of time-scales and length-scales are required.18 At relatively large length-scales this concept has 

proven successful by utilizing 3D printed structures19–21, incorporating fibers,22–26 and embedding 

liquid metals.27–30 Analogous structures can be seen in biological materials.31 For example, 

ligaments such as those in the human knee consist of stiff collagen fibers within a soft extracellular 

matrix,32,33 and nacre consists of stiff ceramic plates held together by a soft protein-based 

cement.34,35 Beyond simply increasing energy dissipation, these structures change the deformation 
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and fracture process by modifying how crack propagation occurs.36 Creating composites by a 

similar design while utilizing recently developed advanced materials opens the possibility of 

creating stiff and tough soft materials that possess properties similar to, or beyond those seen in 

nature.  

 The success of the molecular-scale double network concept has led researchers to 

investigate whether the mechanism can be applied more broadly. Hong and coworkers developed 

the first “macroscale” double network composite, consisting of VHB tape adhered to a fabric 

mesh.37 When stretched, the fabric mesh fractures, dissipating energy, while the viscoelastic tape 

prevents premature fracture of the sample. The stress on the composite is transmitted to the fabric 

through interfacial adhesion with the tape, and fracture of the composite occurs until small islands 

of fabric are formed, where the interface is not sufficiently strong enough to cause additional 

fracture. This method has been used as well in composite fibers with metal cores, which undergo 

multiple fracture events, increasing dissipation.38,39 Inspired by the regularly folded structure of the 

biomacromolecule titin, Zhu et al. produced 3D printed soft composite structures with an 

incorporated thin and weak gel fiber sacrificial network.40 When the gel fibers break, “hidden 

length” of gel is able to deform, dramatically improving the stretchability and toughness of the 

hydrogel composite.  Recently, our laboratory created a hydrogel composite that dissipates energy 

at more than one length-scale.41 On the molecular scale, a viscoelastic hybrid hydrogel was 

synthesized that exhibits high toughness and viscoelasticity due to strong hydrogen bonding 

between the monomer units. On the macroscale, a rigid frame was fabricated from a low melting 

point alloy (LMA). This composite exhibited the double network effect at millimeter length-scales, 

similar to the fracture process seen in the work by Hong and coworkers. When stretched, the LMA 

skeleton underwent multiple internal fracture events, acting as a sacrificial “first network.” The 



 

5 

resulting mechanical properties for this composite include a stiffness comparable to the LMA 

skeleton, fracture strain comparable to the tough gel matrix, and a work of extension greater than 

the summation of the two independent phases. The macroscale double network (Macro-DN) 

mechanism enables unique mechanical properties in soft materials, which cannot be achieved by 

single materials alone.  

While previous studies have recognized the importance of the double network effect in 

individual systems, the generalized design criteria for utilizing this mechanism in macroscale 

composites has not been elucidated. To carefully study the properties of Macro-DN composites, 

we utilize a combination of a 3D printed rigid plastic grid as a sacrificial “first network” reinforcing 

phase, embedded within a stretchable elastomer “second network” matrix consisting of a silicone 

rubber (Figure 1b). 3D printing allows for the easy design of first network structures (skeleton) 

with precision in all three dimensions. Elastomers possess properties that make them suitable as 

second networks, including simple preparation, high stretchability, and relatively high toughness. 

This model system provides a basis to systematically probe the parameter space of Macro-DN 

composites. Depending on the mechanical properties of the individual components, the composite 

system can exhibit multi-step internal fracture without global failure, resulting in high composite 

stiffness (from the reinforcing skeleton) and high stretchability (from the matrix). The hysteresis 

energy of these composites greatly exceeds that of the neat matrix. By tuning the strength of the 

reinforcing skeleton, we can control the yield force, defined for this system as the force at which 

sequential internal fracture occurs, creating a type of “mechanical fuse.” We find that at a skeleton 

to matrix strength ratio of 1 the sample undergoes a transition from multi-step ductile to single-step 

brittle fracture, with optimal yield strength and toughness being achieved near the transition point. 

We also studied the force transmission mechanism and discovered that a grid-based skeleton that 
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results in topological interlocking is essential, as it enables force transmission at length-scales much 

less than can be achieved solely through interfacial adhesion. With this knowledge we were able to 

increase the sacrificial bond density significantly, resulting in a 51% increase in work of extension, 

and we ultimately reached a toughening efficiency of 71% of the theoretical maximum toughness. 

Without needing strong interfacial adhesion and using the mechanical guidelines introduced here, 

we were able to create tough composites with a wide range of material types, including renewable 

materials. Importantly, the Macro-DN method provides a pathway to incorporate important 

functional materials such as metals and ceramics into soft and ductile, yet tough composite 

structures. This work presents general design criteria for macroscale double network composites 

and should play an important role in expanding the mechanical properties of soft materials.   

2. RESULTS AND DISCUSSION 

2.1 Macroscale Double Networks 

Rigid 3D printed grids are incorporated into a stretchable matrix as a sacrificial phase. 

These skeletons are designed to fracture, increasing energy dissipation in a manner analogous to 

the first network of double network gels. The use of 3D printing facilitates this process by allowing 

easy control of grid fracture strength, and has been shown to work well to incorporate soft 

materials.40,42,43 The general design can be seen in Figure 1c, where the rigid skeleton is shown in 

dark blue, and the stretchable matrix is shown in light pink. Based on previous research that utilizes 

soft composite structures,37,41 we can generally outline the role of each phase. The matrix controls 

the maximum fracture force, Fx, and stretch at break of the composite, λx, while the rigid skeleton 

controls the stiffness, k, of the composite. The vertical links within the rigid skeleton are designed 

to act as macroscale “sacrificial bonds.” The force at which these bonds break, and their energy 

dissipation contribution, can be tuned by modifying the length, Ls, the cross-sectional area, Acs, and 
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the number ns, of the sacrificial bonds, or by changing the volume fraction, ϕ, of the matrix related 

to the rigid phase of the composite. Furthermore, the number of total sections, S, can be tuned, 

influencing the total potential cyclability, energy dissipation, and ductile response of the composite.  

 For the exemplary system, the reinforcing skeleton consists of a hard polyurethane-

polyacrylate copolymer resin, with a modulus over 1 GPa, and the elastomer matrix is a commercial 

elastic silicone rubber with a modulus of approximately 1 MPa. The nominal dimensions are fixed, 

with a length of 34 mm, width of 12 mm, and thickness of 1.5 mm. The reinforcing grid contains 

S = 9 sections, each supported by three sacrificial bonds, ns = 3. The thickness and width of the 

sacrificial bonds were 0.27 mm and 0.72 mm, respectively, resulting in total a cross-sectional area 

per section of Acs = 0.58 mm2 (complete detailed dimensions are shown in Figure S1). This sample 

has a volume fraction of matrix, ϕ, of 0.85. The force, F, versus stretch ratio, λ, for the skeleton, 

matrix, and Macro-DN composite can be seen in Figure 1d and Table S1. The two neat 

components have drastically contrasting mechanical properties in their independent form. The 

stiffness, k, of the skeleton (28.8 N/mm) is much greater than that of the matrix (0.51 N/mm), while 

the fracture stretch, λx, of the matrix (2.71) exceeds that of the skeleton (1.03). When combined, 

the mechanical properties of the composite are visibly different (Video S1). At small stretch, the 

composite is stiff and quickly fractures (Figure 1d(i)), eclipsing the curve of the neat skeleton. 

However, in contrast to the brittle failure of the independent skeleton, the force is transferred into 

the matrix, in the location of the initial fracture event (Figure 1d(ii), denoted by yellow dashed 

line). The decreased force and increased stretchability after fracture of the skeleton is similar in 

many ways to the release of “hidden length” in the protein titin.40 As stretching continues, the force 

increases until the force in the matrix exceeds the fracture strength of the skeleton, and the skeleton 

fractures elsewhere, creating a second local deformation region (Figure 1d(iii)). This process 
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repeats (Figure 1d(iv)), and subsequent fracture events (Figure 1d(v) and Figure 1d(vi)) maintain 

the high force within the sample. Eventually, once all sacrificial bonds that make up the skeleton 

are fractured, rupture will occur through the matrix phase (Figure 1d(vii)).    
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 The mechanical response of the macroscale composite can be analyzed by comparison to 

traditional double network hydrogels. The stiffness of the sample at small stretch is controlled by 

the stiffness of the skeleton (macroscale 1st network), resulting in an increase in stiffness of ~60. 

After fracture of this network, the composite undergoes yielding and enters a ductile region. In this 

Figure 1. Extending the double network concept from the molecular scale to the macroscale. (a) Required network 
properties for creating double network materials: hard/brittle properties are required for the first network (sacrificial 
network) and soft/ductile properties are necessary for the 2nd network. (b) Implementation of the double network 
concept on the macroscale. The Macro-DN composite has a first phase consisting of a 3D printed, rigid grid, and a 
soft silicone rubber second phase. (c) Schematic of a Macro-DN composite. Features are listed with their specific 
design parameters. (d) Force-stretch curves of a grid-shaped skeleton (purple), neat silicone rubber (pink), and their 
resulting Macro-DN composite (black). The insets (i)-(vii) represent snapshots of the composite sample corresponding 
to the stretch shown in the loading curve. Yellow dashed lines represent internal fracture events and local deformation. 
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region, ranging in stretch from about 1.2 to 2.5, The average force is 14.8 ± 2.5 N, with the force 

oscillating between a relative minimum (relaxation after a fracture event) and relative maximum 

(prior to fracture of the skeleton). In the ductile region, the sample experiences permanent fracture 

of the first network as a function of stretch. Once the entirety of the sample has undergone necking, 

the sample will fracture through the matrix (macroscale 2nd network). This fracture event occurs 

near the same stretch as that of the independently tested matrix component (λx ~ 2.7). Table S1 

contains the complete mechanical properties of the skeleton (1st network), matrix (2nd network), 

and Macro-DN composite.  

 We can analyze the energy dissipated of each phase by integrating the area under the force 

versus displacement curves to determine the work of extension, W. During stretching of the 

skeleton in Figure 1d, 11 mJ of energy is dissipated due to the fracture of 3 sacrificial bonds that 

make up one section. Fracture of the neat matrix required 530 mJ, and the energy required to 

fracture the composite structure was 850 mJ. Given that each section of the frame underwent 

fracture in the composite, a total of 9 sections containing 27 sacrificial bonds fractured, requiring 

~100 mJ of energy. However, we can see that the resulting composite required 250 mJ more energy 

than the simple sum of the sacrificial bond energy plus the stretching of the matrix, demonstrating 

a synergistic increase in the toughness of the composite structure. The increase in toughness of 

these composites is not limited to just the addition of sacrificial bonds that dissipate energy when 

they break; the fracture process itself increases the dissipation of the matrix as well due to localized 

large deformation of the matrix in the fractured section. This matches the response of double 

network hydrogels, where the introduction of the first brittle network dissipates energy not only by 

fracturing covalent bonds, but also by supporting large local deformation of the second network in 

regions where first network fracture occurs. A similar process is shown here: only a minority of the 
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energy dissipated can be attributed to fracturing of the sacrificial network, and we therefore 

conclude that the presence of the sacrificial network also increases the dissipation in the silicone 

rubber matrix.  

Another unique feature of double network hydrogels is that they exhibit significant 

hysteresis during cycling due to fracture of the sacrificial first network.44 Figure 2 demonstrates 

cycle testing with increasing stretch for Macro-DN composites. Figure 2a demonstrates cyclic 

testing of the neat silicone rubber component, while Figure 2b charts the energy dissipated during 

each cycle. Hysteresis energy is calculated by the difference in the loading energy and the 

unloading energy. At small λ, the material exhibits strongly elastic properties, with loading and 

unloading curves virtually overlapping. As λ increases, the amount of energy dissipated increases, 

likely due to friction between polymer chains, or the onset of chain fracture due to finite 

extensibility of the network. These results are drastically different than those seen in the cyclic tests 

of the Macro-DN sample, shown in Figure 2c. Initially, the sample is very stiff, and when the force 

surpasses about 15 N, fracture of the reinforcing skeleton occurs. This fracture process causes the 

elastomer in the activated section to stretch, while the remaining sections keep their initial geometry. 

Interestingly, as presented in Figure 2d, the energy dissipated in the 2nd cycle (~100 mJ) of the 

Macro-DN composite exceeded that of the final, largest applied stretch of the neat rubber (~85 mJ). 

In other words, the composite dissipated as much energy at λ = 1.2 as the neat elastomer dissipated 

at nearly λ = 2.6. Neat silicone rubber only dissipates significant energy at high λ, close to λx. Due 

to localized stretching from the Macro-DN architecture, high local stretch is achieved at low global 

stretch. This design results in a material that is capable of dissipating large amounts of energy, even 

at small stretches, through fracture of a sacrificial network which controls local deformation.  
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 Interestingly, during the cyclic loading curves in Figure 2c, the force never exceeded a 

value of approximately 18 N. As the force approaches this value with the addition of stretch, the 

rigid grid will fracture, causing a decrease in force. The Macro-DN composite design acts like a 

“mechanical fuse.” For these materials, if the force applied exceeds a given force determined by 

the grid design, fracture and additional displacement will occur, rather than an increase in force. 

This could be a useful design for shock sensitive applications, whereby tuning the mechanical 

properties of the composite can allow for programmable maximum force values within a given 

displacement range.  

Figure 2. Analyzing energy dissipation via cyclic testing of the matrix and Macro-DN composite. Force versus stretch 
ratio curves during cyclic testing with repeatedly increasing stretch, and the hysteresis energy during each cycle are 
shown for the matrix ((a) and (b), respectively) and Macro-DN composite ((c) and (d), respectively). The neat matrix 
does not dissipate large energy until high stretch. The Macro-DN composite dissipates large amounts of energy, even 
at small stretch due to preferential fracture of the macroscale sacrificial network.  
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2.2 Enabling Multi-Step Fracture through Optimized Component Strength 

In double network hydrogels, the yield stress is controlled by the properties of the first 

network,45 and similarly we can control the yield force of Macro-DN composites by tuning the 

strength of the reinforcing skeleton. To change the fracture force, Fx, of the grid, we changed the 

nominal width of the sacrificial bonds of the skeleton structure from 0.45 mm to 1.2 mm, which 

resulted in cross-sectional areas, Acs, ranging from 0.26 mm2 to 1.04 mm2 per section (Figure 3a, 

grid specifications are shown in Table S2). As Acs increases, Fx increases proportionally (Figure 

S2). The force versus stretch curves for composites made with these skeletons can be seen in Figure 

3b, along with an inset of the low stretch region in Figure S3. For the sample with the weakest 

sacrificial bonds, a ductile response with a sawtooth fracture pattern can be seen from a stretch of 

1.0 to 1.5, and the nine peaks demonstrate complete fracture of all sacrificial bonds. After the bonds 

are completely fractured, the stress increases in the remaining intact matrix, until global fracture 

occurs at a stretch of about 2.75, matching λx of the silicone rubber matrix (Figure 1d). As the 

fracture strength of the incorporated skeleton increases, two noticeable changes occur, which are 

outlined in Figure 3c. First, the average Fx during rupture of the sacrificial bonds increases (internal 

fracture events denoted as circles and the average force as a dotted line). This occurs because the 

higher strength of the sacrificial network requires more force to fracture. Second, the stretch range 

over which sacrificial bond fracture occurs increases with increasing strength, until the Acs = 0.58 

mm2 sample, where sacrificial bond fracture occurs until matrix rupture (denoted as an X in Figure 

3c). Stiffer skeletons require higher force to fracture, and therefore greater stretch between fracture 

events is required. When the width of the grid is further increased (Acs = 0.83, 1.04 mm2), only one 

fracture event occurs, resulting in highly brittle composites with reduced fracture stretch. The 

optimized skeleton geometry for samples of this size were determined to have a sacrificial network 
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with Acs = 0.58 mm2, resulting in a composite with high stiffness and high toughness, while 

maintaining ductile characteristics.   

 A powerful result of multi-step internal fracture is that Macro-DN composites are able to 

overcome weaknesses in the reinforcing skeleton. Figure 4 demonstrates a sample where the grid 

sections contain varying Acs, from 0.26 mm2 to 1.04 mm2. When stretched, fracture occurs first in 

the sections with Acs = 0.26 mm2. However, rather than failing at Fx = 8 N (denoted by the pink 

line, the fracture force of the Acs = 0.26 mm2 skeleton), force is transmitted to the matrix, allowing 

the next stiffer sections to fracture. This process continues until matrix rupture. Since the fracture 

force of the Acs = 0.83 mm2 and 1.04 mm2 sections exceeds that of the matrix, they cannot fracture, 

 Figure 3. Tuning the mechanical response of Macro-DN composites by modifying the geometry of the sacrificial 
skeleton. (a) Schematic illustrations of the tested geometries of grid-shaped skeletons used in the Macro-DN 
composites. (b) Typical force versus stretch curves of the composites with varying geometry of skeletons. The legend 
values are the cross-sectional area per section of vertical grid. (c) Fracture forces measured during a tensile test, either 
due to skeleton fracture (circle) or matrix fracture (cross). Fracture of the matrix occurred when the sample failed. 
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and λx occurs at reduced stretch. Multi-step internal fracture results in materials that are flaw-

resistant and can overcome defects. Furthermore, by tuning Acs, we have a method to tune the shape 

of the loading curve, especially useful in biomaterials where “J-shaped” curves are desired.46  

To understand the ductile-brittle transition, we compared the observed fracture behavior of 

the composites to the mechanical strength of the reinforcing skeleton. In Figure 5a, the strength of 

grids with varying Acs are plotted (symbols), along with the strength of the silicone rubber matrix 

(green line). When the fracture force of the matrix exceeds the fracture force of the skeleton, multi-

step internal fracture occurs (pink symbols) whereas when the fracture force of the skeleton is 

greater than the matrix, only single-step fracture occurs (blue symbols). If we examine the samples 

at the moment prior to fracture (Figure 5a insets), we see that the samples that underwent multi-

step internal fracture were dramatically deformed and all sacrificial bonds were broken, while the 

single-step internal fracture samples have only one cracked region, lacking global damage. Based 

on these qualitative results, we conclude that the defining feature of macroscale double networks 

Figure 4. Force versus stretch ratio curve for a Macro-DN composite containing sections with 
varying cross-sectional area, Acs, as shown on the left. Colored lines on the plot represent the 
fracture force for sections of corresponding Acs. The weakest sections fracture first, followed by 
stronger sections, as denoted by the fracture order sequence. Sufficient force is not generated to 
fracture some sections (Acs = 0.83 mm2, 1.04 mm2), denoted by a red X.  
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is multi-step internal fracture, which occurs when the fracture strength of the matrix exceeds that 

of the reinforcing skeleton grid.  

 From the photographs in Figure 5a, we see that multi-step internal fracture allows for 

higher λx than single-step internal fracture. These results are quantified in Figure 5b. In the multi-

step (pink) region, λx approaches 2.75, but when the grid to matrix strength ratio goes above 1, λx 

dramatically decreases to below 1.5 (blue region). In Figure 5c, we plot the work of extension, W, 

of the composite samples, which was calculated by integrating the force versus displacement curve. 

When weak skeletons are used, there is little change in the overall W. The introduction of a weak 

grid does not dramatically increase the force during stretching but may consequently introduce 

defects within the matrix to nucleate fracture. W reaches a maximum when the skeleton to matrix 

strength ratio approached 1. If the grid strength to matrix strength is further increased, W 

dramatically drops, because the matrix is unable to deform to dissipate energy. These results show 

that the ratio of skeleton strength to matrix strength is the key factor governing the ductile-brittle 

Figure 5. Ductile-brittle phase transition of the Macro-DN composites. (a) Fracture strength versus 
cross-sectional area for the 3D printed grid and the silicone rubber matrix. The insets represent 
images of multi-step and single-step internal fracture. (b) Stretch-at-break versus the grid to matrix 
strength ratio for the composite samples. A transition occurs when the strength ratios reach 1. (c) 
Work of extension versus the grid to matrix strength ratio. The highest work of extension occurs 
at a grid to matrix strength of 1. Tests were performed at least 5 times, and error bars represent 
standard deviation. Data points without error bars have error less than the symbol size. 
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transition of the double network composites, and that the optimization point for stretchability and 

energy dissipation lies at a ratio of one.  

2.3 Maximizing Force Transmission with Topological Interlocking 

 Usually, the interface between the reinforcing phase and the matrix plays an important role 

in composite materials. This is especially true in macroscale composites or laminated structures, 

where delamination can quickly result in composite failure. In previous work on Macro-DN 

composites based on fabric and VHB tape, force transmission occurred primarily due to adhesion 

between the two phases.37 As the sample stretched, the fabric fractured and the magnitude of force 

transmitted from the rubber to the fabric continuously diminished. At some point, the force 

transmitted was not great enough to fracture the fabric, and this was followed by rupture of the 

VHB tape matrix. In our experiments, a grid shape was chosen because it allows for the 

transmission of force between the matrix and skeleton via topological interlocking as well as by 

interfacial adhesion, resulting in a composite that does not easily delaminate. Understanding the 

roles of interfacial adhesion and topological interlocking is important toward optimizing the design 

of macroscale double network structures. 

 To understand the role of interfacial adhesion, we designed an experiment to measure the 

adhesive strength between the silicone rubber and the skeleton (Figure 6a). A rigid rod of 3D 

printed plastic was embedded in silicone rubber with lengths of 5, 7, 10, and 16 mm, with a constant 

Acs of 0.4 mm2. The silicone rubber was clamped with the bottom grip of the tensile tester, and the 

rod was displaced at 50 mm/min. The force versus displacement curve can be seen in Figure 6b. 

The force increased, until slipping occurred and then the force dropped nearly to 0 N as the rod was 

pulled out of the rubber. From the peak force, we normalized by the surface area of the rod to 

determine the maximum adhesion strength. The average adhesive shear stress, σa, of the four 
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lengths tested was 0.24 MPa (Figure 6c). This stress is exerted by the matrix on the skeleton, and 

therefore specimens with longer sacrificial bond lengths are expected to reach higher force in the 

skeleton during stretching. The force applied to the skeleton, Fs, can be calculated as: 

𝐹𝐹𝑠𝑠 = 𝐿𝐿𝑠𝑠𝑃𝑃𝑠𝑠𝑛𝑛𝑠𝑠𝜎𝜎𝑎𝑎 

where Ls is the sacrificial bond length, Ps is sacrificial bond perimeter, and ns is total number of 

sacrificial bonds. For a fixed Ps (1.98 mm) and ns (3), and using σa as calculated above, Fs is 

estimated as a function of sacrificial bond length in Figure 6d. The strength of the skeleton was 

experimentally measured as 16 N. From the plot in Figure 6d, the adhesion force exceeds this 

 

Figure 6. Investigation of adhesion strength between the 3D printed skeleton and silicone rubber. (a) Schematic of 
the test setup used to determine the adhesion strength between the silicone rubber and the 3D printed plastic. A rigid 
rod of length, x, was embedded in silicone rubber, and both the silicone rubber and the rod were gripped by opposing 
ends of a tensile tester. Displacement occurred at a rate of 50 mm/min. (b) Force versus displacement curves for rods 
of varying embedded length. Once the rod began to slide the force dropped to nearly 0 N and the test was ended. (c) 
Measured adhesion strength as a function of embedded surface area. (d) Calculated adhesion force, as a function of 
sacrificial bond length for grid sections containing a sacrificial bond cross section of 0.58 mm2. The critical length of 
11.5 mm represents the transition between fracture due to interfacial adhesion and topological interlocking. (e) Force 
versus stretch ratio curve for a sample containing only one section. Multiple fracture events are seen, due to the 
sufficiently strong adhesion force between the skeleton and the matrix. 
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value at a critical length, Ls,c ~ 11.5 mm. If the sacrificial bond length is greater than this value, 

multiple fracture events can occur within one sacrificial grid section due to adhesive force transfer. 

To test this claim, a sample was prepared with only one section (S = 1), containing sacrificial bonds 

with Ls = 34 mm (Figure 6e). In this sample, force can only be transmitted by interfacial adhesion. 

Upon close examination of the tensile tests for this specimen, we see that the initial fracture of the 

sacrificial network occurs at low stretch, immediately after the test begins. After this the force drops, 

but begins to increase again, and at above λ = 1.5, additional fracture events occurred within the 

already fractured section, due to adhesive force transmission. However, after three fracture events 

no additional internal fracture occurred and the sample failed globally. This starkly contrasts the 

fracture process of the specimen tested in Figure 1d, where a sample of identical length contained 

S = 9 sections and underwent nine fracture events. Despite possessing very short sacrificial bonds 

(Ls = 2 mm), multi-step fracture could occur because force was transmitted by the interlocking 

design. Because the adhesion between the matrix and skeleton is relatively weak, the impact of 

changing the number of bonds per section, ns, is negligible. In Figure S4, we demonstrate that 

when ns = 5 without changing Acs the resulting Ls,c decreases slightly to 9.7 mm. For the highest 

performance sample where Ls is very short, force transfer still occurs due to topological interlocking. 

These results clearly demonstrate the importance of a design that enables topological interlocking, 

since fracture can occur even when adhesion force between phases is low. 

Next, we wanted to optimize energy dissipation by increasing the total number of fracture 

events. Samples with varying section number, S, from 0 (neat matrix) to 13 were fabricated. Since 

nominal length is fixed, when S increases, Ls must correspondingly decrease (Table 1). The force 

versus stretch ratio curves for representative specimens are shown in Figure 7a. As the Ls decreases 

and S increases, the frequency of the sawtooth pattern during yielding also increases, but λx does 
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not significantly change. With decreasing Ls, the local stretch per given displacement increases, 

causing the force to rise quickly and more fracture events occur within the same total displacement. 

This causes the average force during the yielding region to increase, consequently resulting in 

increased energy dissipation.  
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 For a simple elastomer, the force-displacement curve takes on a generally triangular shape, 

and the work of extension can be approximated as W0 = 0.5*Fx*δx. We envision that the force 

versus stretch curve for a “perfect” Macro-DN composite would be a square shape (Figure 7a, 

bottom). To achieve this shape, stiff reinforcement is needed to quickly achieve a loading force 

Figure 7. Effect of grid density on the toughness of Macro-DN composites. (a) The number of sections, S, was 
increased from 0 to 13. Schematics of these designs are shown with representative force versus stretch ratio curves. 
As the density of sacrificial bonds increases, the shape of the curve changes from a triangle to a rectangle, with 
nominally the same stretch ratio, representing an approximate doubling of the work of extension. (b) The work of 
extension as a function sacrificial bond length. The black line represents the transition in the dominant force 
transmission mechanism: at short sacrificial bond lengths topological interlocking plays is essential, and at long 
sacrificial bond lengths interfacial adhesion is important. The numbers in the symbols are the number of sections, S. 
The green dashed lined represents the work of extension of the neat matrix. The black dashed line represents the 
maximum work of extension, calculated from the skeleton fracture force and elastomer maximum stretch.  
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near the fracture strength of the matrix. Fracture should occur quickly and repeatedly, so that the 

average force during the yielding region remains close to the maximum yield strength. Finally, 

fracture should occur at the same stretch-at-break as the neat matrix. This fracture process would 

then approach a value of Wmax = Fyield*δx, where Fyield is the average peak force in the yielding 

region. In Section 2.2, we characterized the important factors in maximizing yield force, and in an 

optimized state Fyield = Fx for a given matrix. Based on this model for a linear elastic matrix, we 

predict a 100% increase in work of extension is likely an upper bound for this type of composite 

system.  

 

 

Table 1. Details of the properties of composites made with varying number of sections 
containing sacrificial bonds. 

Number of 
Sacrificial 

Sections for 
a constant 

sample 
length, S 

Number of 
Fracture 
Events 

Bond 
Length, 
Ls (mm) 

Matrix 
Volume 

Fraction, φ 

Work of 
Extension, W 

(mJ) 

Increase in 
Work of 

Extension*, 
(W−W0)/W0 

Toughening 
Efficiency*, 

(W–W0)/ 
 (Wmax–W0) 

1 3 34.0 0.96 680 ± 67 21% 29% 

2 3 16.0 0.95 710 ± 58 26% 37% 

3 3 10.0 0.93 700 ± 18 26% 36% 

4 4 7.0 0.92 740 ± 59 32% 44% 

5 5 5.2 0.90 760 ± 27 36% 50% 

7 7 3.1 0.88 830 ± 31 47% 66% 

9 9 2.0 0.85 810 ± 50 44% 61% 

11 11 1.3 0.82 850 ± 36 51% 71% 

13 13 0.8 0.79 820 ± 6 47% 65% 

*: W0 = 560 mJ is the work of extension of neat matrix, Wmax = Fyield*δx =960 mJ. 



 

23 

 In Figure 7b, the work of extension, W, versus the sacrificial bond length, Ls, is plotted, 

with the number of sections, S, inscribed within each symbol. The green dashed line represents W 

of the neat matrix, W0 = 560 mJ. The vertical black line at 11.5 mm represents the critical sacrificial 

bond length Ls,c at which the adhesion force equals the fracture force of the skeleton. When Ls is 

greater than or near Ls,c, fracture occurs independently of section number; hence, samples with 1-3 

sections exhibit similar W. When Ls is less than Ls,c, each section exhibits only one fracture event, 

due to topological interlocking, and as Ls decreases and S increases, more energy is dissipated. We 

ultimately measured a maximum work of extension of W = 850 mJ, in a sample containing S = 11 

with Ls = 1.3 mm. This result represents a 51% increase in W compared to the W0, due to the 

implementation of macroscale sacrificial bonds with topological interlocking. When samples where 

force transmission occurs by primarily by interfacial adhesion (1-3 section samples), the average 

increase in W is only 24%. These results demonstrate the importance of topological interlocking in 

creating robust Macro-DN composites. 

We estimate that the maximum theoretical work of extension for this system can be 

calculated from Fyield = 16 N and δx = 60 mm (δx = initial length∗λx), resulting in Wmax = 960 mJ 

(black dashed line in Figure 7b). To calculate the toughening efficiency, we compared the true 

increase in work of extension (W – W0) to the maximum potential increase in work of extension 

(Wmax – W0). The results are tabulated in Table 1. When S = 11, the highest toughening efficiency, 

71%, was measured. Interestingly, even with optimized grid strength, when S = 1 a toughening 

efficiency of just 29% was observed. There are a few reasons why a toughening efficiency of 100% 

was not achieved. The calculation of Wmax assumes that there is no decrease in force between the 

fracture of subsequent sections; effectively the calculation assumes an infinite number of fracture 

events, which causes Fyield to be maintained for the duration of the yielding region. Furthermore, it 



 

24 

assumes that the force will not increase after all the sacrificial sections are activated. Finally, as S 

increases the volume fraction of matrix, ϕ, decreases (see Table 1). A detailed analysis of the 

specific contributions to energy dissipation in this system will be discussed in a subsequent report. 

 Previous work agrees with our finding that to make robust composites, topological 

interlocking is essential. Experiments performed on molecular-scale double networks, have shown 

that strong intermolecular interactions are not required to create double network structures; 

topological interlocking is sufficient to dramatically enhance mechanical properties via the 

interpenetrated double network structure. Furthermore, gels and elastomers can achieve strong 

bonding through topology at either the molecular-scale47–49 or macroscale.50 Ultimately, we see in 

Macro-DN systems that the incorporation of topological interlocking at large length scales also 

results in a dramatic increase in material toughness. Importantly, force transmission by topological 

interlocking makes developing Macro-DN composites using various soft and hard materials 

possible. 
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2.4 Universal Application of Macroscale Double Networks 

Specific materials chemistry is not required to create Macro-DN composites; as long as the 

guiding mechanical parameters are followed, specifically that the fracture strength of the matrix 

exceeds the strength of the reinforcement and the design incorporates topological interlocking, 

components consisting of any type of material can be used. Figure 8 contains examples that 

demonstrate the universality of this concept. Figure 8a (wood) and Figure 8b (foamed polystyrene; 

Styrofoam) demonstrate two other materials used as reinforcing phases within a silicone rubber 

matrix. In both cases the toughness increases along with the introduction of yielding, without 

influencing λx. For the Styrofoam sample, the irregular foamed structure likely causes additional 

fracture events to occur at smaller length-scales, due to increased topological interlocking, which 

prevents the immediate stress relaxation and significant saw-tooth pattern seen with other material 

combinations. In Figure 8c, natural rubber is used as a matrix. After the yield point, when the force 

Figure 8. Demonstrating the universality of the macroscale double network effect by creating composites with a wide 
range of materials. (a) A composite comprised of wood and silicone rubber. (b) A composite comprised of Styrofoam 
and silicone rubber. This design lacks the obvious sawtooth fracture pattern of other designs, likely due to stronger 
topological interlocking due to the foamed structure. (c) A composite comprised of a 3D printed grid and natural 
rubber. 
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begins to rebuild, the slope has positive concavity, compared to the linear slope seen in silicone 

rubber samples. At high stretch, natural rubber exhibits significant strain hardening. During each 

internal fracture event, the rubber locally stretches to high strain, and therefore during each fracture 

event strain hardening is apparent. This opens up the possibility that this design could be used to 

create high performance materials by locally taking advantage of viscoelastic behaviors of designer 

polymers. Natural rubber is one of the toughest soft materials known, and generally represents an 

upper bound of toughness through intrinsic toughening. This method demonstrates that even the 

toughness of natural rubber can be improved by using a macroscale double network design. The 

use of metals as a sacrificial phase has been previously demonstrated,38,39,41 and the use of ceramics 

in the sacrificial phase has strong potential due to their high stiffness and brittleness. We expect 

that Macro-DN composites containing metals and ceramics to play an important role in future 

functional materials designs. For materials that demand high energy dissipation, the macroscale 

double network method may universally enable higher performance with relatively minor changes 

in bulk materials.  

3. CONCLUSION 

Enhanced toughness can be achieved in soft composite structures by following design 

principles extrapolated from our knowledge of double network hydrogels and elastomers. 

Specifically, these composites are designed by integrating a rigid skeleton with high strength but a 

relatively low fracture force into a stretchable matrix. When stretched, force from the matrix causes 

the skeleton to fracture multiple times prior to global sample fracture. This matches the fracture 

mechanism inferred from double network gels, where a stretchable second network causes the 

brittle first network to fracture, resulting in yielding prior to global fracture. We have shown that 

the strength ratio between the skeleton and matrix governs multi-step, ductile versus single-step, 
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brittle deformation. As the strength of the skeleton approaches that of the matrix, the yield force 

reaches a maximum, and the yielding region extends in length, close to the ultimate fracture stretch 

of the composite, resulting in an optimized design. By studying the force transmission mechanisms, 

we determined that topological interlocking is essential. Utilizing topological interlocking, a 

significant increase in sacrificial bond density is achieved, reaching ~70% of the theoretical 

maximum toughness, compared to ~30% for the adhesion-only compositions. This mechanism also 

matches double network hydrogels, where topological interpenetration is more important than 

inter-network interactions. Because topological interlocking of the two phases provides sufficient 

force transmission, we demonstrate that the macroscale double network design is universal, and 

can be applied to wide range of materials, even if interfacial adhesion strength is poor. In the future 

we hope to leverage this model toward improving and designing double network hydrogels at all 

length-scales.  

4. EXPERIMENTAL 

4.1 Materials 

The silicone elastomer used as the matrix is a commercially available two-part kit, KE-

1603-A and KE-1603-B, (Shin-Etsu Chemical) and was used as received and according to 

instructions. Additionally, natural rubber (Qua Yu Kasei) was used as a matrix material in section 

2.4. The materials required to fabricate the rigid grid are AR-M2 (model material) and AR-S1 

(support material) and were purchased from Keyence Co. AR-M2 consists of acrylate monomer, 

urethane-acrylate oligomer and photoinitiator. AR-S1 consists of acrylate monomer, polypropylene 

glycol and photoinitiator. Additional grids were made with wood (TOKYU HANDS), and 

Styrofoam (TOKYU HANDS) in section 2.4.   
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4.2 Fabrication of the plastic skeleton 

The grid-shaped plastic skeletons were 3D printed (AGILISTA-3000, Keyence). 3D 

printing allows for easy design via computer-aided drawing software and provides fine control over 

geometry as well as good reproducibility. A spacer was printed around the exterior of the grid to 

maintain a total composite thickness of 1.5 mm and was removed prior to sample testing. The 

specific geometric parameters which were varied include the number of sections (from 1-13) and 

the cross-sectional area of the sacrificial bonds (designed thickness of 0.3 mm and width ranging 

from 0.4 mm to 1.2 mm, with three per section). There was some variation between inputted sample 

size and true printed dimensions. Table S2 contains the input dimensions and resulting true 

dimensions. All dimensions listed in the text represent the true cross-sectional area of the skeleton. 

Thick cross bars were used to delineate sections and maintain fracture in one dimension, and had a 

width of 12 mm, length of 2 mm, and thickness of 0.5 mm. The gauge length was maintained for 

all samples with a length of 34 mm. An open lattice structure was chosen to enable topological 

interlocking and improve force transmission between the skeleton and matrix. See supporting 

information Figure S1 for detailed structures of the grid, and Figure S2 for mechanical 

characterization of the grid. After printing, the grid was washed with deionized water prior to 

composite fabrication. 

4.3 Synthesis of silicone rubber Macro-DN composite  

To prepare the reaction vessel, plastic skeletons were placed on a glass plate and surrounded 

by a 1.5 mm thick silicone spacer. For the silicone system, the silicone rubber precursor solution 

was prepared by mixing the two silicone components at a mixing ratio of 1:1 in a vacuum mixer 

(ARV-310, Thinky Corporation). Immediately, the precursor solution was poured into the mold 

and the mold was placed on a level table for 48 hours to cure the silicone. After that, the sample 
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was cut into specific dimensions (l0×w0×t0 = 34×12×1.5 mm3) using a laser cutter (PLS4.75, 

Universal Laser Systems). A schematic of the sample used in section 2.1 with dimensions can be 

seen in Figure S5a. This results in a sample with 0.5 mm of rubber between the surface and the 

top of the cross bars, and 1 mm of rubber separating the side from the edge of the cross bars (Figure 

S5b and Figure S5c). For the neat silicone rubber (matrix), the samples were prepared at the same 

formulation and polymerization conditions as those of the composites for the mechanical tests in 

the absence of the plastic skeletons. 

4.4 Synthesis of additional composites 

Wood and polystyrene grids were cut to shape using a laser cutter. Combination with 

silicone rubber occurred following the same procedure as listed above. Samples prepared from 

natural rubber latex were fabricated using an open cell design with just one glass plate, to allow for 

evaporation of the latex solution. The composite was dried at room temperature for 3 days.  

4.5 Mechanical testing 

4.5.1 Tensile tests 

Uniaxial tensile tests were performed on the composites, as-prepared silicone rubber 

(matrix), and the plastic skeletons using a tensile-compressive tester (Instron 5965 type universal 

testing system). All the samples were stretched along the length direction of the samples at an 

extension rate of 50 mm/min. Stretch ratio, λ, is defined as l/l0, where l0 and l are the length of the 

specimen before and during elongation, respectively. All stretching experiments were recorded 

visually with a video camera (Panasonic VX985M). Fracture of the skeleton could be seen visually 

and appears in the data as a local maximum in force.  

The cyclic loading/unloading tensile test for evaluating the energy dissipation ability of the 

composites was performed by stretching one sample repeatedly with increasing stretch. The 



 

30 

composites and pristine silicone rubber were deformed to strains of εx = 0.2 – 1.6 (with increasing 

intervals of 0.2) at a velocity of 50 mm/min at room temperature. Then, samples were returned to 

the initial displacement immediately at the same velocity. The energy dissipation was calculated 

from the hysteresis area, Uhys by:  

𝑈𝑈ℎ𝑦𝑦𝑦𝑦 = � (𝜎𝜎𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 − 𝜎𝜎𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢)𝑑𝑑𝑑𝑑
𝜀𝜀=𝜀𝜀𝑥𝑥

𝜀𝜀=0
 

Where σload and σunload are the stress during loading and unloading, respectively.  

4.5.2 Interfacial adhesion testing 

The pull-out tests were carried out using a tensile tester in order to measure the adhesive 

strength of the interface between the skeleton and the matrix. Plastic posts (rod-shape skeletons) 

were 3D printed and embedded to depths of 5, 7, 10 and 16 mm respectively in silicone rubber. 

The cross-sectional area of the plastic posts was kept constant (0.5 mm × 0.8 mm = 0.4 mm2) for 

all the samples. The silicone rubber was fixed to the bottom of a tensile testing machine and the 

plastic post was fixed to the crosshead, and a pull-out test was conducted at a speed of 50 mm/min. 

The adhesion strength between the two phases was determined by dividing the maximum value of 

the force generated between the silicone rubber and the plastic post by the surface area of the plastic 

post embedded in the silicone rubber. For the fabricated composites, the adhesion strength was 

calculated by multiplying the adhesive stress with the perimeter of the sacrificial bond, the section 

interval length, and the number of sacrificial bonds per interval. 

SUPPORTING INFORMATION 

A comparison of the mechanical properties of skeleton, matrix, and composite; fabrication details 

of the skeleton; mechanical properties of the skeleton with varying cross-sectional area; influence 

of skeleton on the stiffness and yield strength of Macro-DN composites; input vs. printed 
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dimensions of 3D printed skeletons; importance of the number of sacrificial bonds per section; 

cross-sectional slices of the skeleton highlighting different geometries.  
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